Two promising alternative fuel candidates for spark-ignition engines, 2-butanone and 2-methylfuran, have been identified in the context of the Cluster for Excellence 'Tailor-Made Fuels from Biomass'. To further explore the potential of these fuels for spark-ignition engine application, experimental and numerical investigations into the occurrence of the abnormal combustion phenomenon of hot surface-induced pre-ignition have been conducted, with pure ethanol, RON97 E10, and pure iso-octane as reference fuels. For the experimental investigations, a single-cylinder engine with a compression ratio of 11, equipped with a glow-plug to create a hot spot in the cylinder, was operated at 1500 r/min and 1500 mbar charge pressure. Each fuel was tested with several glow-plug temperatures until a minimum pre-ignition frequency of 2% was observed. The results show that 2-methylfuran reaches its 2% pre-ignition frequency at a glow-plug temperature of 880°C, which is 16°C higher than the 2% pre-ignition frequency of ethanol at 864°C and 10°C less than RON97 E10 with 890°C. Iso-octane showed the lowest pre-ignition resistance with a 2% pre-ignition frequency at a glow-plug temperature of 853°C, and 2-butanone was most resistant against pre-ignition in this study with a 2% pre-ignition frequency at 932°C. Further numerical investigations, including zero-dimensional ignition delay time calculations and threedimensional computational fluid dynamics simulations, revealed a clear connection between the surface ignition frequency of these fuels and their reaction kinetics.
Introduction
Global population and economy is expected to grow steadily in the course of the next decades.
1,2 A growth of energy demand in general and for transportation in particular will be driven by this development. [2] [3] [4] [5] In different scenarios, 2,4,5 15%-30% of the global energy demand of vehicles in general and even up to 60% of the energy consumption of light-duty vehicles will be met by gasoline fuel supplies by 2040. These developments are expected to be accompanied by increasing energy efficiency of future propulsion systems, driven by restrictive greenhouse gas emission legislations. 2 In the latter projection, an increasing market share of biofuels for the transport sector is prognosticated with up to 10% in 2040, and a similar trend is foreseen in BP. 3 Exploring possible ways for CO 2 neutral net emissions in Royal Dutch Shell, 6 approximately 5% of the global energy consumption should be based on biofuels. This primary energy source offers great potential to decrease greenhouse gas emissions, since it belongs to the renewable energy sources and can be integrated into existing fuel production and fuel supply pathways. Furthermore, biofuels carry the potential to be designed in accordance to engine combustion requirements, thus improving the trade-off between energy efficiency and high engine performance. The ideal properties of a biofuel can be expected to differ considerably from those of current conventional fuels and present biofuels.
One motivation for the Cluster of Excellence (CoE) 'Tailor-Made Fuels from Biomass' (TMFB) at RWTH Aachen University is to unravel the complex relationships between fuel molecular structure and engine performance and to subsequently identify fuels with advanced suitability for engine application. In the context of this interdisciplinary project, two fuels, namely, 2-methylfuran and 2-butanone, were found to be favourable for spark-ignition (SI) engine combustion. 7, 8 These fuels show good mixture formation quality and fuel saving potentials due to their high knock resistance. [7] [8] [9] [10] However, to fully explore the high load potential of future fuels, it is not sufficient to solely reveal its knock resistance. Also pre-ignition has to be addressed by ongoing investigations.
The pre-ignition phenomenon is a statistically distributed premature ignition of the cylinder charge before spark timing and is only observed at high loads, where high cylinder pressures and temperatures are present. [11] [12] [13] [14] [15] Thus, it is of particular importance for downsized highly boosted SI engines. Especially, the occurrence of pre-ignition at low engine speeds (lowspeed pre-ignition (LSPI)) can act as a trigger for super knock and consequently carries the potential to lead to severe damage of the engine components surrounding the combustion chamber. 16, 17 Among several sources for such an unfavourable combustion pre-ignition induced by hot surfaces, also known as surface ignition, is one of the mechanisms known to lead to an early auto-ignition of the cylinder charge.
In Pischinger et al., 10 it was reported that 2-butanone shows significant advantages in terms of surface ignition compared to ethanol, conventional gasoline fuel, and even 2-methylfuran. Later on, the authors revealed a connection between the surface ignition tendency of those fuels and their reaction kinetics in Budak et al. 18 Those findings were basically derived from a simple analysis of the ignition delay times of those fuels compared to their surface ignition frequency measured in a single-cylinder research engine. However, more detailed investigations are necessary to understand the role of reaction kinetics in the context of surface ignition. The focus of this publication is to investigate this connection numerically by means of three-dimensional (3D) computational fluid dynamics (CFD) simulations of the engine process.
Methodology

Fuel matrix
Besides the two biofuels, 2-methylfuran, and 2-butanone, three additional fuels were chosen as references to rank the characteristics of the two biofuels. Table 1 provides an overview of all fuels, which were investigated in this study, together with a selection of different properties.
RON97 E10 gasoline was chosen to represent today's conventional fuel for SI engines in the European market. However, since the complex chemical composition of gasoline practically omits an accurate numerical model of the physical and chemical fuel properties, also pure iso-octane as a gasoline surrogate was included into this investigation. The third fuel, ethanol, is known as an excellent fuel for SI engines, especially at high engine loads, due to its high knock resistance and high heat of vapourization, [27] [28] [29] [30] [31] [32] [33] and it serves as the reference case for biofuels in this study.
Compared to conventional gasoline and iso-octane, the oxygen mass fraction of the alternative fuels corresponds to a reduction in the mass-specific heating value by 36% for ethanol, 28% for 2-methylfuran, and 25% for 2-butanone. Among the biofuels, this relation changes in terms of the volume-specific heating value, as the reduction in the oxygen content comes along with an increased density. Since the density of conventional gasoline fuel is lower than that of the biofuels, a reduction in the volume-specific heating value for ethanol by 32%, for 2-methylfuran by 11%, and for 2- butanone by 18% compared to RON97 E10 gasoline is the results. Due to the high oxygen content, the research octane numbers (RONs) and motor octane numbers of all three biofuels were determined according to DIN 51756-7:1986-02. 2-Butanone exhibits the highest RON of all investigated fuels. 2-Methylfuran has a lower RON than the other two investigated biofuels. However, it is still five units higher than the RON of conventional gasoline fuel. The high enthalpy of vapourization of ethanol leads to a charge cooling effect, which improves its high load performance.
Experimental approach -test setup
The investigations regarding the surface ignition characteristic of the underlying fuels were carried out on a homogeneously operated direct-injection (DI) SI singlecylinder research engine as also described in previous publications. 7, 8, 34, 35 It features dual hydraulic cam phasing and symmetrical intake ports, with a charge motion switching device. The intake ports are separated into an upper section and a lower section by a metal sheet (cf. Figure 1) . A flap in front of the intake port flange can be utilized to block the lower part of the intake ports for the incident flow during the suction stroke. This configuration was applied for this study. It forces the air to travel through the upper part of the ports leading to a high tumble level in the cylinder volume comparable to series production engines. 36 Besides the central injector and spark plug position also, the position of the glow-plug is visible in Figure 1 in the bottom view of the combustion chamber roof. The glow-plug is mounted onto the cylinder head between the intake and exhaust valve. The glow-plug creates a reproducible hot spot for the initiation of surface ignition in the underlying experiments. For this purpose, the glow-plug was equipped with a thermocouple, which enables a temperature control. The temperature of the glow-plug during transient engine operation is affected by cycle-to-cycle fluctuations of the heat exchange between the glow-plug tip and the surrounding gas. These circumstances lead to a glow-plug temperature fluctuation of 610 K around the set point temperature and were accounted for in the statistical evaluation of the glow-plug temperature measurements, as described in the next section. Further technical specifications are listed in Table 2 .
A six-hole fuel injector is used for DI and was found to be favourable in terms of mixture homogeneity and minimized oil dilution. Boost pressure is provided mechanically by an external boosting device with three roots compressors and intercooling. Exhaust gas backpressure is adjusted independently via a throttle. The cylinder pressure was measured with Kistler 6045 pressure transducer flush-mounted in the combustion chamber roof between intake and exhaust valve seat rings. Data sampling was performed via Kistler 5064 charge amplifiers and an FEV Combustion Analysis System (FEVIS) at a resolution of 0.1°crank angle (CA). Dynamic intake and exhaust gas pressures were measured with Kistler 4045 A5 pressure transducers and sampled at a 1°CA resolution.
For each fuel change, the fuel system was completely drained, purged, and flushed with the new liquid in order to minimize possible contamination by residuals from previous fuels.
Experimental approach -test conditions
The test conditions for this study are summarized in Table 3 . This stoichiometric operating point represents typical high-load conditions at low engine speed, enabling relatively long time intervals for chemical ignition reactions to progress, thus promoting surface ignition. This circumstance is further supported by a 
Experimental approach -test procedure and data evaluation
For each investigated fuel, the surface ignition experiments start after the test conditions in Table 3 were applied successfully. First, the glow-plug temperature was increased slowly until a critical pre-ignition level was observed. This critical level of pre-ignition frequency (PIF) was identified under the consideration that the engine must not be damaged while at the same time a minimal PIF of 2% was desired. Starting from this critical (or simply maximal) glow-plug temperature, a sweep of lower temperatures was performed with an increment of 5-10 K, and each temperature level was recorded with 2000 combustion cycles, until no or negligible numbers of pre-ignition events were recognized. As mentioned before, the glow-plug temperature was fluctuating during the experiments by 610 K around the nominal temperature, which was set via the engine control unit (ECU). This relation is visualized in Figure 2 .
In the upper plot of Figure 2 , the set point (nominal) temperature is displayed along with the corresponding maximal fluctuations for a number of 16,000 measured combustion cycles with an exemplary fuel. Classifying each recorded cycle by its corresponding glow-plug temperature into classes of 10 K width leads to a frequency distribution of regular and irregular (pre-ignition) cycles as shown on the bottom plot of Figure 2 . Since the statistical uncertainty of each temperature class decreases as the number of cycles in each temperature class increases, a statistical analysis of these resulting distributions was conducted to quantify the accuracy of the PIF determination in each class. The resulting frequency intervals of 95% statistical confidence are illustrated in Figure 3 for the same exemplary fuel, which was covered in Figure 2 .
As expected, the frequencies of surface ignitions at the maximal and minimal glow-plug temperature classes were recorded with the highest uncertainty. Between these extreme points, the pre-ignition frequencies are recorded with high statistical confidence. Based on this frequency distribution, the glow-plug temperature which corresponds to a PIF of 2% (T 2%PIF ) is defined.
Numerical approach
For the CFD simulations with iso-octane, at first, an interval from 270°CA to 750°CA after top dead centre (ATDC) was analysed, which includes the exhaust stroke, the intake stroke with DI, and compression and expansion up to 30°CA ATDC. On the basis of this simulation, several consecutive simulations, each with a different stationary glow-plug surface temperature, were conducted in the CA interval from 40°CA before top dead centre (BTDC) up to spark timing. In these glow-plug temperature sweeps, the 3D flow simulation was coupled with the Converge CFD's SAGE chemistry solver to account for the chemical reactions in the gas phase, particularly in the vicinity of the glow-plug tip. The boundary conditions for these simulations were extracted from a GT-Power model, a one-dimensional (1D) gas-exchange engine model. This model was appropriately build up and matched with the corresponding measurement data of air mass flow, fuel mass flow, cylinder pressure, boost and backpressure, charge air temperature, and valve timings. Based on this engine model, CA-resolved pressure and temperature traces were extracted for the intake and exhaust boundary of the 3D computational domain displayed in Figure 4 .
The 3D simulations of the in-cylinder gas flow were conducted with the commercial CFD code Converge CFD version 2.3. Gaseous and liquid phases were considered ideal and gas as well as liquid properties were considered as functions of temperature. Gas motion was computed by a finite volume discretization of the Reynolds-averaged Navier-Stokes (RANS) equations, where the turbulent velocity fluctuations were modelled by means of the k-v-shear stress turbulence model (kv-SST).
Since the physical and chemical interactions in the vicinity of the glow-plug tip are ruled by boundary layer physics, an appropriate spatial discretization of the boundary layer around the glow-plug tip has to be assured.
The quality of spatial resolution of near wall flow is commonly expressed in terms of the dimensionless wall distance
with t w is the wall shear stress, r is the density in the boundary layer, n is the kinematic viscosity, and y is the distance from the boundary into the adjacent gas.
According to boundary layer theory, 37 four adjacent regions can be defined, which cover the transition from near wall flow to bulk flow, as shown in the upper plot in Figure 5 .
Resolving the boundary layer spatially requires the first computational cell to have a dimensionless wall distance of approximately 1, which means that this cell is located in the viscous sublayer (cf. Figure 5 upper plot). In this layer, the dimensionless flow velocity
depends linearly on the dimensionless wall distance y + . The spatial average of this wall distance on the surface of the glow-plug tip was kept in a reasonable value range, as shown on the bottom plot of Figure 5 . This figure displays the average y + on the glow-plug surface for a wide CA interval from one simulation with iso-octane. The DI of liquid fuel was simulated based on a parcel discretization of the liquid fuel droplets. Droplet motion was solved by means of a Lagrangian description. Spray break-up was modelled by accounting for Rayleigh-Taylor instabilities and Kelvin-Helmholtz instabilities, both implemented in Converge CFD in the Kelvin-Helmholtz-Rayleigh-Taylor (KHRT) model. 38, 39 The Kuhnke model was used to consider spray wall interactions. 40 The RANS approach, which is introduced here, leads to qualitative predictions, since a temporal average of the turbulent nature of the analysed gas flow is simulated. A higher degree of resolution can be achieved by means of large eddy simulations (LES), where a certain scale of turbulent motion would be resolved and thus the effect of these scales on surface ignition would be resolved. However, applying LES on this problem would lead to a significantly increased computational effort, which would exceed the extent of this study by far. Additionally, the results, which were achieved with the presented approach, show a good qualitative agreement with experimental results.
In order to investigate the role of chemical reaction kinetics in the rather complex phenomenon of surface ignition, zero-dimensional (0D) reaction kinetic simulations were conducted. Five mechanisms are used to simulate the 0D ignition delay times over a range of relevant temperatures (833-1250 K) and pressures (30- Figure 5 . Boundary layer theory (top) 37 and grid resolution at the glow-plug surface in CFD (bottom). 80 bar) and under stoichiometric air/fuel conditions. Mechanisms used in this study were Burke et al. 41 for 2-butanone, Somers et al. [42] [43] [44] for 2-methylfuran, Mittal et al. 45 for ethanol, Curran et al. 46 for iso-octane, and Mehl et al. 47 for RON97 E10. Initial simulations were performed using a constant internal energy and volume constraint using the CANTERA solver. These initial simulations were performed in order to probe the reactivity of the fuels based solely on the chemically driven auto-ignition.
Results
As already discussed in Budak et al., 18 2-butanone shows the highest resistance against pre-ignition induced by a hot surface with a glow-plug temperature of 932°C, which yields 2% PIF (T 2%PIF ), shown in Figure 6 . Iso-octane shows the lowest pre-ignition resistance with a T 2%PIF of 853°C, being 37°C lower than conventional E10 RON97.
Besides the fuels, which were presented so far, experimental results with additional fuels are shown in this section to extend the database for the considerations in this discussion.
In Figure 6 , one essential aspect of surface-induced ignition is clearly depicted. This phenomenon is not predicted by the RON numbers of the fuels. Iso-octane (RON 100), ethanol (RON 109), and 2-methylfuran (RON 101.7) all possess a higher knock resistance than the conventional gasoline with a RON of 97.
However, their respective surface ignition resistance is lower, compared to conventional gasoline. This observation was already reported in Kalghatgi and Bradley. 13 Kalghatgi and Bradley 13 have also shown that surface ignition can be addressed properly by the fuel's laminar flame velocity. Without going into the details of the theory described in Kalghatgi and Bradley, 13 it was demonstrated that the reciprocal of the laminar flame velocity correlates with a fuel's surface ignition sensitivity. This demonstration was conducted on the basis of pre-ignition experiments with a single-cylinder engine 48 and laminar flame velocities for various fuels. Transporting this approach to the preignition experiments in this work results in a broad scatter, as shown in Figure 7 .
The laminar flame velocities in Figure 7 were extracted from the given references and were determined at a temperature of 120°C and 1-bar pressure with a relative air-fuel ratio which yields the maximum flame velocity. There exists no correlation between both illustrated quantities. This observation does not stand in contrast to the findings, presented by Kalghatgi and Bradley, 13 where laminar flame velocities for a higher pressure of 3 bar and a higher temperature of 177°C and experimental results from a naturally aspirated engine with a low compression ratio of 6 were considered. The results in Figure 7 only highlight that laminar flame velocities at low pressures and temperatures do not capture a fuel's surface ignition tendency in a boosted engine with a high compression ratio. The reasons for this low correlation need to be identified in further investigations. However, the authors assume that laminar flame velocities at pressures and temperatures close to the engine conditions at top dead centre (TDC), where the pre-ignitions generally occur, would significantly increase the quality of the correlation in Figure 7 . Under the given operating conditions of the underlying single-cylinder engine, this would mean a pressure of approximately 35 bar and a temperature of approximately 480°C. Measuring laminar flame velocities under such critical conditions is practically not possible or at least very difficult. Hence, future investigations will focus on the determination of laminar flame velocities via numerical reaction models. However, these numerical models generally have only been validated for lower pressures and temperatures. Thus, in this work, another approach is presented to address fuel properties, which strongly determines the surface ignition sensitivity of an air-fuel mixture. This approach focusses on the reaction chemistry of air-fuel mixtures.
In Figure 8 , simulated ignition delay times of all single component fuels are displayed together with two highlighted temperature intervals for the corresponding in-cylinder bulk gas temperatures around TDC and the T 2%PIF for these fuels. Comparing the ignition delay times in the highlighted high-temperature regime, a clear correlation with the T 2%PIF is not present. However, low-temperature ignition delay times combined with the high-temperature ignition delay times show a similar ranking of reactivity as the pre-ignition frequencies do. Based on this observation, a correlation was found between an integral ignition delay time
and the T 2%PIF , as shown in Figure 9 . This correlation is not supposed to postulate a complete description of a fuel's surface ignition sensitivity.
As described in Kalghatgi and Bradley, 13 surface ignition is different from homogeneous auto-ignition and is a result of flame development in the vicinity of a hot surface. However, the correlation in Figure 9 indicates the impact of reaction chemistry on surface ignition and highlights the importance of both, high-and lowtemperature regimes, on the surface ignition tendency of a fuel.
This hypothesis is surprising on a first glance. Ignition at a hot surface takes place in the thermal boundary layer, thus in the presence of high temperatures. The role of the chemical low-temperature regime is not quite obvious in this context. A better insight on the influence of low-temperature chemistry is found in Figure 10 . Figure 10 shows average cylinder temperatures for three different simulations with iso-octane in the upper plot and average boundary layer temperatures in the vicinity of the glow-plug tip for the same set of simulations in the plot on the bottom. The first simulation was performed with a high glow-plug temperature of 790°C without solving chemical reactions. The second simulation was conducted with the same glow-plug temperature, including chemical reactions. A third simulation also includes a chemical solver but with a lower glow-plug temperature of 740°C.
First of all, the average cylinder temperature shows a pre-heat release (PHR) close to TDC, which was also observed in the measurements and is caused by the first stage of ignition of iso-octane. This first stage ignition is typical for molecules with longer carbon atom chains and is the physical effect leading to a negative temperature coefficient (NTC) of the ignition delay times in the low-temperature region. For iso-octane, this NTC region is displayed in Figure 8 , approximately below an inverse temperature of 1.2 1/K. Second, Figure 10 shows an auto-ignition in the vicinity of the glow-plug for a surface temperature of 790°C. This ignition does not occur with a surface temperature of 740°C. However, the simulations show a temperature rise in the vicinity of the glow-plug tip during the occurrence of PHR with a surface temperature of 740°C.
This temperature rise is solely caused by the PHR, which is occurring far away from the glow-plug tip surface. Due to this PHR, the cylinder pressure is increased, which eventually compresses the entire cylinder charge. There are no significant pre-reactions in the gas phase close to the glow-plug tip surface predicted by the simulation. This condition is expressed in terms of the fuel distribution in the vicinity of the glow-plug, shown in Figure 11 .
Even for the higher glow-plug temperature of 790°C, the amount of fuel next to the glow-plug surface remains constant, despite the fuel consumption due to the surface ignition, indicated by the areas of 0% fuel fraction.
The fact that no pre-reactions in the glow-plug vicinity were predicted reduces the impact of lowtemperature chemistry on surface ignition to the following effect: the heat flux from the glow-plug surface into the surrounding gas phase is driven by the local heat transfer coefficient and by the temperature gradient from the solid surface to the free bulk flow. If the bulk gas temperature increases (in this case due to PHR), the temperature gradient between the glow-plug tip and the bulk gas decreases. This, in turn, decreases the heat flux through the boundary layer. A higher boundary layer temperature is the consequence, promoting shorter ignition delay times and thus a higher auto-ignition probability.
The observed mechanism with the chain of effects explains how the higher reactivity of iso-octane in the low-temperature chemical regime affects the occurrence of surface ignition in the boundary layer, even though the actual boundary layer reaction kinetics are driven by the high-temperature chemical regime.
Summary and conclusion
The main target of this study was to contribute to a deeper understanding of the role of reaction kinetics on the surface ignition characteristic of a fuel especially for boosted SI engines. In a first step, the occurrence of surface ignition for five different fuels was investigated experimentally with a single-cylinder research engine, equipped with a temperature controlled glow-plug, serving as a generic hot spot in the combustion chamber. RON97 E10 gasoline fuel was included as a conventional reference fuel and pure ethanol served as a reference biofuel. Iso-octane was added to the fuel matrix as a gasoline surrogate fuel. The research Cluster of Excellence 'Tailor-Made Fuels from Biomass' had identified 2-methylfuran and 2-butanone as promising alternative biofuel candidates, and these fuels were thus included in the investigations.
Iso-octane shows the highest sensitivity towards hot surface-induced pre-ignition. It reaches a PIF of 2% at a glow-plug temperature of 853°C (T 2%PIF ), followed by ethanol with a T 2%PIF of 864°C. 2-Methylfuran was found to be more resistant against hot surface-induced pre-ignition with a T 2%PIF of 880°C, similar to conventional gasoline fuel with 890°C.
This fuel ranking mainly correlates well with simulated ignition delay times of all fuels. However, this correlation requires an approach, which includes the characteristics of low-and high-temperature ignition delay time regimes. Particularly, the low-temperature regime differs strongly among the biofuels and isooctane. The first stage ignition of iso-octane, which occurs at low and intermediate temperatures, leads to an accelerated heat accumulation in the thermal boundary layer of the hot glow-plug tip, promoting local auto-ignition. The correlation, derived on the basis of this observation, indicates that long ignition delay times at high temperatures are beneficial for a higher surface ignition resistance. Additionally, reduced exothermic pre-reactions at lower temperatures lead to an enhanced surface ignition resistance.
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